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(577  ABSTRACT

This invention is an improvleld system for the vibration-
testing of cantilevered non-ferrous articles by inducing
eddy currents therein. The principal advantage of the

~system is that relatively little heat is generated in the

article being vibrated. Thus, a more accurate measure-
ment of the fatigue characteristics of the article is ob-
tained. Furthermore, the generation of relatively little
heat in the blade permits tests to be conducted in low-
pressure atmospheres simulating certain actual pro-
cesses environments.

Heat-generation in the vibrated article is minimized by
utilizing eddy currents which are generated by an elec-
tromagnet whose magnetic field varies but does not
change polarity. The typical winding for the electro-
magnet is excited with pulsating d.c. That is, the wind-
ing is alternately charged by connecting it across a d.c.
power supply and then discharged by connecting it
across a circuit for receiving current generated in the
winding by self-induction. Preferably, the discharge
circuit is designed so that the waveform of the discharg-
ing current approximates that of the charging current.

10 Claims, 9 Drawing Figures
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EDDY-CURRENT SYSTEM FOR THE
VIBRATION-TESTING OF BLADES
This invention was made in the course of, or under, a

contract with the United States Energy Research and
Development Administration.

BACKGROUND OF THE INVENTION

This invention relates generally to methods and appa-
ratus for electromagnetically vibrating articles which
are subject to oscillating fatipue stresses in normal
service. More particularly, it relates to improved meth-
ods and apparatus for inducing eddy currents in a non-
ferrous cantilevered article so as to test the same In
bending or torsional modes.

Previous techniques for the vibration-testing of canti-
levered blades and the like have employed pneumatic,
mechanical, and electromagnetic means for inducing
vibration. For instance, vibration by pneumatic means
is described in U.S. Pat. No. 3,005,334, for “Apparatus
for Non-Destructive Inspection of Cantilevered Mem-
bers,” issued to E. R. Taylor, et al, Oct. 25, 1961. That
method is, however, subject to the disadvantages of
being noisy and failing to provide close control of blade
vibration or temperature. A different vibration tech-
nique is disclosed in U.S. Pat. No. 3,023,610, for “A
Method of and Apparatus for Carrying Out Fatigue
Tests of Turbine Blades,” issued to M. Prochazka, Mar.
6, 1962. In that approach, the blade is mounted to a
cantilevered non-magnetic flexure -arm. An armature
carried by the flexure arm is vibrated by an a.c.-driven
electromagnet mounted to a suitable base plate. In that
method of vibration the energy is applied to the flexure
arm rather than the blade itself, and thus the test condi-
tions do not closely approach actual operating condi-
tions in an axial-flow compressor. Also, that technique
is suitable only for vibration-testing in the bending
mode.

An electromagnetic system which more closely ap-
proaches actual operating conditions is disclosed in
U.S. Pat. No. 3,600,934, for “Eddy-Current System for
Vibration-Testing of Cantllevered Non-Ferrous Arti-
cles”, issued to D. E. Hendrix and H. A. Kermicle on
Aug. 24, 1971. In that system, an aluminum-alloy blade
is cantilevered from a support block. The blade is vi-
brated in the bending mode or in the torsion mode by
an electromagnet, and a permanent magnet is provided
to spread the pulsating lines of force so as to increase
the amount of blade vibration. A proximity probe gen-
erates an a.c. signal having the same frequency as the
vibrated blade and having an amplitude proportional to
the amplitude of blade vibration. The a.c. signal 1s
shifted in phase, power-amplified, and fed to a half-
wave rectifier. The resulting rectified voltage 1s the
drive signal for the electromagnet. That system is sub-
ject to certain disadvantages, one being that the tem-
perature of the blade under test increases appreciably.
This may introduce errors in the measurement, since
the fatigue properties of the blade are temperature-
dependent. Heating of the blade occurs as a result of
eddy currents flowing therein and of certain magnetic
effects to be described hereinafter. Heating of the core
of the electromagnet occurs for the same reasons, and
this also is undesirable, since it may transfer heat to the
blade under test.
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SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to pro-
vide an improved method and apparatus for the vibra-
tlon-testlng of cantilevered non-ferrous articles.

It is another object to provide a novel method and
system for vibration-testing cantilevered blades, rods,
and the like.

It is another object to provide an improved method
and system for vibration-testing an aluminum-alloy
blade without appreciably increasing the temperature
of the blade.

Other objects will be made evident hereinafter.

This invention can be summarized as follows: A sys-
tem for vibration-testing a non-ferrous, electrically
conductive cantilevered article by inducing eddy cur-
rents therein, said system comprising: a d.c. power
supply; means including a high-mass mount for sup-
porting an end of said article; an electromagnet for
inducing eddy currents in said article to vibrate the
same, said electromagnet including a winding; a vibra-
tion-sensing transducer for generating at an output an
a.c. signal whose frequency is equal to the frequency of
vibration of said article and whose amplitude is propor-
tional to the amplitude of vibration of said article; a
circuit coupling said winding to the output of said
transducer, said circuit including a phase-shifting cir-
cuit coupled to the output of said transducer, a trigger-
pulse generator coupled to said phase-shifting circuit
for providing voltage pulses at an output- thereof, and

~an electromagnet-exciting ' circuit connected to the
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output of said pulse generator for alternately and repet-
itively connecting said winding across said supply to
establish an increasing current through said winding
and disconnecting said winding from said supply and
connecting said winding across a selected impedance to
establish through said winding a self-induced decreas-
ing current whose rate of decrease approximates the
rate of increase of said increasing current, whereby
pulsatmg d.c. current is established through said wind-
ing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a system for vibra-
tion-testing aluminum alloy blades in accordance with
this invention, |

FIG. 2 is a chagram showing the voltage wave forms
of various points in the system shown 1n FIG. 1,

FIG. 3 is a diagram showing, in idealized form the
d.c. current flow through a typical electromagnet wind-
ing deSIgnated as 7 in FIG. 1,

FIG. 4 1s a diagram shewmg current and voltage wave
forms for two electromagnet windings 7 and 9, shown
in FIG. 1. The wave forms are referenced to the center-
line of a blade 3 (FIG. 1),

FIG. 5 i1s a schematic diagram of a circuit for accom-
plishing the objectives of circuit 25, shown in block
form in FIG. 1,

FIG. 6 is a highly schematic diagram illustrating the
operation of the circuit shown in FIG. §,

FIG. 7 is a schematic illustration of a typical mag-
netic field pattern for an electromagnet designated as
10 in FIG. 1,

FIG. 8 is a schematic diagram of a single-winding
electromagnet which can be used in a blade-vibration
system designed in accordance with this invention, and

FIG. 9 1s a diagram showing various waveforms for
the electromagnet shown in FIG. 8
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DESCRIPTION OF THE PREFERRED
EMBODIMENT

This invention is generally applicable to the vibra-
tion-testing of cantilevered electrically-conductive arti-

cles by electromagnetically inducing eddy currents
therein. For brevity, the invention will be illustrated as

employed in the non-destructive or destructive testing

of aluminum-alloy airfoils, or blades, designated for use
in axial-flow compressors.

In experiments conducted with blade-vibrators of the
eddy-current type, I have found that heating of the
blade under test is reduced significantly if the varying
electromagnetic field used to generate the eddy cur-
rents does not reverse polarity. As will be described, I
have found that this mode of operatlon can be achleved
in various ways.

FIG. 1 is a schematic dlagram of an embodlment of
this invention comprising a solid-state electromagnetic

4,026,142
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blade tester designed for operation in a closed-loop, 2°

constant-power mode. Blade vibration is self-starting

and smoothly adjustable over a relatively wide range of -

amplitudes. The tester is deigned to operate at bending-
or torsional-mode frequencies.

As shown in FIG. 1, an aluminum-alloy blade 3 is
cantilevered from any suitable holder 5, which is
mounted to a high-mass support by means of springs
(not shown), so as to vibrate with the blade. The blade
is vibrated by a generally E-shaped electromagnet 10,
whose outer legs are respectively provided with wind-
ings 7 and 9. The windings are connected in parallel
through separate transistor switches to a grounded d.c.
power supply 11. The free end of the blade is aligned
with and extends close to the center leg of the electro-
magnet, as shown. Mounted to the block § is an accel-
erometer 13 or other suitable vibration transducer for
~generating an a.c. signal whose frequency 1s equal to
the frequency of vibration of the blade and whose am-
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plitude is proportional to the amplitude of vibration of ,,

the blade. In this particular illustration, the electromag-
net 10 and the vibrated assembly are mounted within a
housing 14 which is evacuated to similate the normal
process environment for the blade. The signal from the
accelerometer 13 (FIG. 1) is increased by amplifiers 15
and 17 and then impressed on similar parallel-con-
nected channels 1 and 2. The channels respectively
include phase-shifters 19 and 19’; trigger-pulse genera-
tors including wave shapers 21 and 21’ and drivers 23
and 23’; and grounded circuits 25 and 25’ for exciting
. the windings. As shown, the exciting circuits are re-
Spectively connected to the windings 7 and 9.

The inputs to channels 1 and 2 are sinusoidal, in-
phase voltages. The phase-shifters 19 and 19’ are ad-
justed so that their output voltages differ in phase by
180°. In this particular example, the output voltage of
shifter 19 leads its input voltage by 90° whereas the
output voltage of shifter 19’ lags its input by 90°. The
wave shapers 21 amd 21’ convert their respective In-
puts to square waves, which are amplified and stablized
in the driver circuits 23 and 23’. The square-wave out-
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puts from the drivers are respectively fed to the excit-

ing circuits 25 and 25’, which serve as power switches
for the coils 7 and 9. FIG. 2 illustrates the wave shapes
of the voltages at points A, B, C, and D of channel 2,

FIG. 1. The wave shape at point C’ of channel 1 also is
shown to illustrate that it is displaced 180° from the

voltage C.

65
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On reception of each voltage square wave D from
driver 23, the exciting circuit 25 connects the electro-
magnet winding 7 in series with the d.c. supply 11 for
the duration of that square wave. Thus, during that
half-period the winding 7 is charged with an exponen-

tially rising current. The square-wave voltage D termi-
nates long before this current reaches the knee of the

“charging curve”, and thus the chargmg current 1s
substantially linear. The exciting circuit 9 is operated in
an analogous manner by its driver 25’. Because of the
phase difference in the outputs of the drivers 23 and
23', winding 7 is charged during one half-period,
whereas winding 9 is charged durlng the next half-

period.
In accordance with this invention, when the driver

output D drops to zero, the exciting circuit 25 discon-
nects winding 7 from the supply 11 and immediately
connects it across a discharge circuit, to be described.
The discharge circuit is designed so that the decaying
current generated in winding 7 by self-induction has a
wave shape similar to that of the charging current for
the winding. Thus, as shown in idealized form in FIG. 3,
the current through winding 7 is pulsating d.c., each
waveform of which consists of an increasing “charg-
ing”’ ramp I, and a decreasing “discharging™ ramp Ip,
The current through the other winding 9 of the electro-
magnet is controlled in analogous fashion by its excit-

ing circuit 25’. That is, the current through winding 9

also is pulsating d.c. Because of the aforementioned
phase difference in the inputs to the exciting circuits,
the d.c. currents through the wmdmgs 7 and 9 differ in

phase by 180",
Since the inputs to both windings of the electromag-_

net 10 are pulsating d.c., the magnetic fields effecting

vibration of the blade 3 vary in magnitude but do not
change polarity. (The fields may, for example, maintain
the particular polarity shown in FIG. 7). Consequently,
the amount of electrical power dissipated in the blade
corresponds essentially to the eddy current resistive
losses, and thus comparatively little heating of the

blade occurs. Similarly, heating of the core of the elec-

tromagnet is reduced. The reasons for the reductions in
heating are not well understood, but presumably less
heat is generated because the use of unidirectional
fields eliminates polarity reversals of the atomic and/or
molecular moments in the blade and core. |

FIG. 4 illustrates various waveforms for the windings
7 and 9. These are shown as related to a line 58 serving
as a common reference for the waveforms as well as

blade displacement. In this figure, the subscripts 7 and

9 represent the windings 7 and 9; V, and V, represent
applied voltage and induced voltage, respectively; I
and I, represent charging current and discharging cur-
rent, respectively; 60 represents the phase-shifted
waveform; and 62 represents the waveform in phase
with the output of the accelerometer 13, and the mo-
tion of the blade 3. While current is decaying in wind-

ing 7, current is rising in winding 9, and vice versa. The

resultant magnetic field is represented by the diagonal
line M of the parallelogram formed by the rising and
decaying currents. Blade displacement follows M.

The individual components of the system shown in
FIG. 1 may be of standard design and preferably are of

the solid-state type. Referring to FIGS. § and 6, the
typical exciting circuit—e.g., circuit 25—may comprise
a pair of control transistors 27 and 29. These are con-
nected in a Darlington configuration to provide a high-
current base drive to a pair of parallel high-power tran-
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sistors 31 and 22. These four transistors can be consid-
ered to be the equivalent of a single transistor, desig-
nated as Qp in FIG. 6. Transistor Qp is alternately
turned full “on” and “off”’ by the driver 23. Conduc-
tion of Q,, connects the winding 7 across the d.c. supply
11, with the result that an increasing charging current
flows through the winding, building up a magnetic field.
When Q, is turned “off” this field collapses and the
resulting self-induced voltage across the winding,
which is in series with the power supply voltage,
charges the capacitor 39 to twice the value of the ter-
minal voltage of supply 11 and turns diode 335 “on.”
When this diode conducts, twice the supply voltage
exists at the collector of Q,. FIG. 6 indicates the dis-
charge paths for the current induced in the winding.
The induced current discharges at a rate determined by
resistors 37, R, and the parallel combination of R1 and
R2. In this figure, R, represents the winding resistance;

R1 represents the power supply resistance; and R2
represents the prmc:pal discharge path resistance. The
discharge circuit is designed to have an impedance and
time constant ensuring that the waveform of the dis-
charge ramp I, approximates that of the charging ramp
I (see FIG. 3) in order to completely discharge the
winding in one half-cycle of the waveform and to main-
tain symmetry of the resultant magnetic field. Thus, the
rate of increase of the charging current and the rate of
decrease of the discharging are approximately the
same.

When Q) is fully “on”, power dissipation is at a mini-
mum, and when fully “off” it is zero. Thus, the transis-
tor power disdipitation is optimum. Referring again to
FIG. 5, the diodes 47 and 49 are provided to bypass
inverse-polarity voltage transients appearing at the
transistor bases. The diode 41 serves to bypass inverse-
polarity voltage transients appearing at the collectors.
The capacitor 39 is provided to ensure an induced
square-wave voltage across winding 7 at discharge, for
even the lowest frequency of blade vibration. A square-
wave voltage is desired to ensure the desired wave form
for the discharge current.

EXAMPLE

An eddy-current tester designed in accordance with
FIGS. 1-6 was employed for the fatigue-testing of cast
and forged aluminum-alloy compressor blades. The
vibration-transducer 13 was Accelerometer Model No.
INA10-1, manufactured by Columbia Research Labo-
ratories, Woodlyn, Pa. The electromagnet 10 com-
prised a laminated iron core, and the windings 7 and 9
comprised copper tubing: Coolant was circulated
through the tubing to remove power dissipated in the
windings. In one series of tests, blades were vibrated to
destruction with a *= 36 inch tip amplitude displace-
ment. The heat rise in the typical blade was less than
10° F. In other tests, conducted at minimum-stress
amplitudes, there was virtually no increase in the tem-
perature of the blades under test. Much larger tempera-
ture rises were incurred in blade-vibration tests con-
ducted with conventional eddy-current testers utilizing
a.c. drive for the windings.

Various modifications in the above-described em-
bodiment of the invention will be apparent to those
versed in the art. For example, as indicated in FIG. 8,
the electromagnet 10 may consist of a single winding
on a suitably shaped core. In this instance a single chan-
nel and exciting circuit would be employed. FiG. 9
illustrates typical waveforms for this embodiment of
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6

the invention. In FIG. 9, V4 and V; represent applied
voltage and induced voltage, respectively. The phase-
shifted waveform is represented by 64, and the wave-
form in phase with the accelerometer output and blade
motion is represented by 66. The charging and dis-
charging currents are represented by I and ID, respec-
tively. The coil current through the winding is in phase
with the magnetic field.

It will be apparent to those versed in the art that, if
desired, the switching portions of the exciting circuits
25 and 25’ may be replaced by SCR circuits which are
alternately turned on and off by conventional circuitry
to accomplish the above-described objectives. The
SCR’s may be turned “on” by any suitable short-dura-
tion pulse

What is claimed is:

1. A system for vibration-testing a non-ferrous, elec-

trically conductive cantilevered article by inducing
eddy currents therein, said system comprising:
-.a d.c. power supply;

means including a high-mass mount for supporting an
‘end of said. article; -

an electromagnet for inducing eddy currents in said
article to vibrate the same, said electromagnet
including a winding;

a vibration-sensing transducer for generating at an
output an a.c. signal whose frequency is equal to
the frequency of vibration of said article and whose
amplitude is proportional to the amplitude of vibra-
tion of said article;

a circuit coupling said winding to the output of said
transducer, said circuit including
1. a phase-shifting circuit coupled to the output of

said transducer;

2. a trigger-pulse generator coupled to satd phase-
shifting circuit for providing voltage pulses at an
output thereof; and

3. an electromagnet-exciting circuit connected to
the output of satd pulse-generator for alternately
and repetitively (a) connecting said winding
across said supply to establish an increasing cur-
rent through said winding and (b) disconnecting
said winding from said supply and connecting
said winding across a selected impedance to es-
tablish through said winding a self-induced de-
creasing current whose rate of decrease approxi-
mates the rate of increase of said increasing cur-
rent, whereby pulsating d.c. current is estab-
lished through said winding.

2. The system of claim 1 wherein the output of said
transducer is coupled to said phase-shifting circuit
through an amplifier.

3. The system of claim 1 wherein said trigger-pulse
generator is a square-wave generator.

4. The system of claim 1 wherein said electromagnet-
exciting circuit includes an electronic switch connected
in series with said winding and said power supply.

5. The system of claim 4 wherein said exciting circuit
includes a network which is coupled to the output of
said generator for alternately turning said electronic
switch “on” and “off” for substantially equal periods.

6. The system of claim § wherein said exciting circuit
includes a discharge circuit for current which is gener-
ated in said winding by self-induction, said discharge
circuit being in the conductive state when said elec-
tronic switch 1s “off™.
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7. A system for vibration-testing a non-ferrous, elec-

trically conductive cantilevered article by inducing

eddy currents therein, said system comprising:
a d.c. power supply;
means including a high-mass mount for holding an
~“end of said article; .

- an electromagnet having first and second pole pieces
spaced from the free end of said article and having
first and second windings for inducing eddy cur-
rents in said article;

a vibration-sensing transducer for generating at an

output an a.c. signal whose frequency is equal to

the frequency of vibration of said article and whose

‘amplitude is proportional to the amplitude of vibra- 1

tion of said article:
first and second channels respectively coupling said

windings to the output of said transducer, each of

said channels including

1. a variable phase-shifting circuit coupled to the
output of said transducer;

2. a trigger-pulse generator coupled to said phase-
shifting circuit for providing voltage pulses at an
output thereof;
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3. an exciting circuit connected to the output of
said generator for alternately and repetitively (a)
connecting its respective winding across said
supply to establish an increasing current through
said winding and (b) disconnecting said winding
from said supply and connecting said winding
across a selected impedance to establish through
said winding a self-induced decreasing current

-~ whose rate of decrease approximates the rate of
increase of said increasing current, whereby a
pulsating d.c. exciting current is established

through said winding.
8. The system of claim 1 wherein said transducer. 1S

coupled to said first and second channels through an

5 amplifier.

9. The system of claim 1 wherein the exciting circuits
in said first and second channels each include an elec-
tronic switch connected in series with its respective
winding and said power supply. |

10. The system of claim 9 wherein the exciting cir-
cuits in said first and second channels each include a
network which is coupled to the output of its respective
generator to turn its respective electronic switch “on”

for a selected period.
;x
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